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Abstrat
A dynamial desription of the transitions between dierent bakgrounds requires the existene
of a bakground independent ation whih propagates the orret number of degrees of freedom and
ouples bulk supergravity to ertain higher dimensional branes. We present lassial equations for
ongurations that separate the world into regions with dierent ux parameters et. and disuss
the diulties of trying to onstrut an ation that desribes the transitions between them within
the framework of supergravity.
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I. INTRODUCTION
The realization that the solutions to the equations of string theory an give in four
dimensions a large multipliity of vaua (alled the landsape) has led to muh disussion as
to whether there is a dynamial seletion priniple that piks one or a lass of these vaua,
or whether we simply nd ourselves living in a universe where observers suh as ourselves
an exist. The former onsists prinipally of arguments from quantum osmology and seems
to apply only to losed universes. In any ase it is not lear that it an help resolve the
osmologial onstant problem. The latter goes under the name of the Anthropi Priniple
and it is not lear whether it is little more than a tautology. At best it may help resolve
the so-alled osmi oinidene problem. In any ase both approahes beome meaningful
only within a theory in whih there is a mehanism by whih the dierent universes an be
realized.
In this paper we will disuss dynamial proesses in the landsape, by whih transitions
between vaua with dierent ux quantum numbers and dierent numbers of branes an
take plae [1℄,[2℄,[3℄. Of ourse the landsape will also onsist of dierent ompatiation
manifolds. Even if we restrit ourselves to Calabi-Yau ompatiations there are of the
order of 105 manifolds with dierent numbers of two and three yles. We do know that
through onifold transitions one an hange these topologial numbers, but it is not lear
that there is a dynamial proess whih desribes this in string theory [25℄. On the other
hand it is widely believed that suh a proess does exist for hanging ux quanta and the
number of D-branes. Here we will be onerned with this.
We will disuss only type IIB and IIA ompatiations. Moduli stabilization issues in
the heteroti and M-theory ases are less well understood. We will show that there are
indeed lassial ongurations that desribe a variety of transitions. However the proesses
involve the nuleation of various higher dimensional branes. These are branes whih are
magnetially oupled to the elds in the bulk theory. In the ase of type IIB these will
be 5-branes (either NSNS or RR) and in the ase of IIA they will be 6- and 8-branes. The
proess however is essentially quantum mehanial. The existene of a lassial onguration
whih divides spae into two regions separated by a domain wall (i.e. the nuleated higher
dimensional brane) by itself does not mean that the proess of nuleation an take plae.
For this, at the very least, one should be able to onstrut an ation for the bulk elds and
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the brane. We attempt to do this here in the low energy (i.e. supergravity) limit of string
theory.
In type IIB we have an immediate problem in that the self-duality ondition for the
ve-form eld does not permit us to write a (Lorentz invariant) ation. This problem is
usually addressed by imposing the self-duality ondition at the level of the equations of
motion. We adopt this proedure tentatively (even though it is not a proper ation for a
quantum theory) and write down the oupling to three and ve-D-branes and orientifold
planes. We disuss in detail the lassial equations and the transitions between ux vaua.
We show how to onstrut a bulk ation magnetially oupled to the ve brane by using the
phenomenon of anomaly inow. However at the end of the day it turns out that this ation
is inonsistent with the self duality onstraint. In other words although in the absene of
the ve-brane there is no inonsisteny, one the ve brane is introdued the equations of
motion and Bianhi identities are inonsistent with the self-duality onstraint.
It might be thought that an alternative proedure would be to onsider a non-Lorentz
invariant ation for type IIB sine one is breaking the (10 dimensional) Lorentz invariane
anyway. However the self-duality ondition involves the metri, and an implementation of it
whih piks out the four diretions of the external spae will be dependent on the bakground
geometry of the spae. This is more than just a topologial restrition to work in spaes of
the form M4 × X6, it depends also on the metri on M4. This is manifestly unsuited to a
disussion of proesses whih hange the bakground - in partiular the osmologial onstant
is hanged by these proesses. It an hardly be over-emphasized that suh a disussion must
neessarily be made only with a bakground independent formulation [26℄.
Sine in the IIB ase this problem might be attributed to the lak of a proper ation
even in the absene of the nuleated ve-brane, it is reasonable to expet that there is no
problem in IIA, where there is no suh self-duality onstraint. We disuss in detail the
lassial equations (Bianhi identities) that lead to ux hanging proesses resulting from
the nuleation of D6 and D8 branes. After some manipulations we nd that it is indeed
possible to onstrut a bulk ation oupled to 6 and 8- branes for the massive IIA theory
[27℄ that is gauge invariant. However this ation is expliitly dependent on the bakground
uxes.
Now it ould still be the ase that although there is no semi-lassial desription, the
omplete formulation of string theory ontains a quantum mehanial desription of these
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proesses. On the other hand it seems to us that sine it is assumed that lassial ux
ompatiation arguments that lead to moduli stabilization and the landsape, survive in
the full string theory, the absene of a bakground independent semi-lassial desription of
transitions might also survive. If that is so it would mean that eah point in the landsape
is simply a model and there is no need to asribe any degree of reality to any of them exept
the one (if it exists) that ontains the standard model with a tiny osmologial onstant.
On the other hand given that a lassial onguration that divides spae into two dierent
regions does exist, it is arguable that the tehnial point highlighted in this paper will be
overome in the full string theory, and that a quantum proess of brane nuleation of these
higher dimensional branes is in fat allowed.
II. STRING THEORY PROCESSES
A. Type IIB
A onrete framework in whih suh a disussion an be made is that of Kahru et al. [4℄
(see also[5℄). Here the nuleation of a NS5 branes that take the form of a S2 bubble wall
in non ompat four dimensions and sweeps out an S3 in the six dimensional Calabi-Yau
manifold X , is disussed within the GKP ontext. The ux onstraint oming from the
Bianhi identity for the ve-form ux is
χ
24
= N3 − N¯3 − 1
2κ210T3
∫
X
H3 ∧ F3 (1)
where H3(F3) are NSNS(RR) three form uxes χ is the Euler harater of the assoiated
Calabi-Yau 4-fold in the F-theory ontext (alternatively the LHS is the ontribution of
orientifold planes in the purely six dimensional ontext). Assuming that that there is only
one pair of rossed uxes (setting 2πα′ = 1)
∫
A
F3 = 2πM,
∫
B
H3 = −2πK (2)
(1) beomes
χ
24
= N3 − N¯3 −KM (3)
The argument of [4℄ is that the nuleation of NS ve-branes will hange the ux on
the yle dual to the one that's wrapped by the ve brane K → K ± 1 so that by the
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above equation the net number of D3 branes will hange by M. So by suh a transition one
would expet a string theory realization of the BT proess. Obviously this proess explores
only points on the landsape whih all belong to a given F-theory ompatiation (or CY
orientifold) but it is still important to establish whether this an atually take plae and be
desribed in semi-lassial terms.
Everything that was said above will have an S-dual ounterpart. Clearly a dual proess
would be one in whih a D5 brane (wrapping the B yle) is nuleated so that M →
M ± 1 with the number of D3 branes hanging by ∓K. Sine D5 brane ations are better
understood than NS ve branes we will fous on this rather than its S-dual. Our aim is to
see whether an ation whih desribes these D3 brane ongurations interpolated by a D5
brane exists.
Sine the dilaton-axion system is irrelevant for our onsiderations let us freeze them by
putting eφ = 1 and c0 = 0. The form of the bulk ation (for the gauge elds) is
SIIB =
1
(2π)3
∫
M10
[−1
4
F5 ∧ ∗F5 − 1
2
H3 ∧ ∗H3 − 1
2
F3 ∧ ∗F3]
+
1
2
1
(2π)3
∫
D11
F5 ∧ F3 ∧H3 (4)
The last (topologial) term is integrated over a eleven dis whose boundary is the ten
manifoldM10. In the absene of soures the integrand is losed due to the Bianhi identities
(given below) so that the integral is independent of the partiular dis over whih the
denition of the elds is extended, provided also that the integral over an arbitrary losed
11-manifold is ((2π)4 times) an even integer (see for example [6℄). The eld strengths satisfy
the Bianhi identities
dH3 = 0, dF3 = 0 (5)
dF5 = H3 ∧ F3, (6)
whih are solved loally by
H3 = dB2 F3 = dC2 (7)
F5 = dC4 −H3 ∧ C2. (8)
In the absene of soures or non-trivial F5 ux the last integral in the ation an be
written as ∫
M10
C4 ∧ F3 ∧H3.
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The equations of motion and the self-duality onstraint are
d ∗ F3 = F5 ∧H3, d ∗H3 = F3 ∧ F5, (9)
F5 = ∗F5. (10)
Note that the loal solution to the Bianhi identities are RR elds whih are related to the
ones given in [7℄ by the substitution C4 → C4 + 12B2 ∧ C2 [28℄. The gauge transformations
are as follows.
δB2 = dΛ1, δC4 = 0, (11)
δC2 = dΛ˜1, δC4 = −H3 ∧ Λ˜1, (12)
δC4 = dΛ˜3. (13)
The WZNW part of the D3 brane ation is then the usual one
I3 =
µ3
(2π)3
∫
W4
[C4 − C2 ∧ F2], (14)
where
F2 = B2 + f2. (15)
Here f2 is the world volume gauge eld strength whih under the gauge transformation (11)
transforms as δf2 = dΛ, and µ3 = (2π)
2q3 (q3 = ±1, 0 for D3, an anti-D3 or no D3). (14)
is invariant under (11,12,13). If this is oupled to the bulk ation (i.e. q3 = ±1) then the
Bianhi identity (6) is modied. The C4 equation of motion for the total ation SIIB + I3
and self-duality of F5 gives
dF5 = H3 ∧ F3 − 2µ3δ6(M10 →W4) + . . . . (16)
where the ellipses denote the ontributions of orientifold planes (or D7 brane ontributions
in the ase of F-theory). However it was argued in footnote 6 of GKP [8℄ that in deriving
this from the ation for the D3 brane, the topologial term needs to be taken as half the
value given in (14). This is related to the fat that beause of the self duality of the D3
brane the eletri and magneti ouplings are idential. Thus in GKP the above relation is
written as
dF5 = H3 ∧ F3 − µ3δ6(M10 →W4) + . . . . (17)
This formula in fat plays a ruial role in the GKP analysis. It should be mentioned here
that (as emphasized by GKP) the ation is still supposed to be taken to be the sum of the
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type IIB bulk ation and the D3 brane ation (i.e. without any relative oeient suh as
a fator half). In partiular GKP use the gravitational variation of the DBI part of the
ation in their analysis and of ourse the relation between the oeient of that part (the
tension) and the harge µ3 is xed by supersymmetry. In fat it is easy to see that this
is the equation that is onsistent with the equation of motion for the RR C2 eld. In the
presene of the oupling to the three brane (14) the rst equation of (9) is modied to
d ∗ F3 = F5 ∧H3 + µ3F2 ∧ δ6(M10 →W4) (18)
Requiring onsisteny with d2 = 0 gives
0 = dF5 ∧H3 + µ3H3 ∧ δ6(M10 →W4)
where we've used the fat that dF2 = H3. Clearly this is onsistent only with (17). This
justies the hoie made by GKP. What goes wrong with (16) is that it is really an equation
of motion i.e. gives us from the Lagrangian d∗F5, whih does not onit with (18) by itself.
A (gauge invariant) Lagrangian annot give inonsistent equations of motion! It is really
the imposition of the self-duality onstraint (10) that reates a problem. Unfortunately this
means that there is no (Lorentz invariant) Lagrangian formulation of the bulk ation oupled
to D3 branes that is onsistent with self duality of the ve form, even if the latter is imposed
by hand at the level of the equations of motion.
Now let us try to ouple D5 branes to the bulk IIB ation. First of all it should be
emphasized that there is no way of oupling the six-form eld C6 to the bulk ation. There
are two related problems in doing this. One ould proeed as usual to dualize by introduing
a Lagrange multiplier to swith the Bianhi identity and the EOM of the three form eld
C2 eetively replaing ± ∗ F3 → F7 = dC6 + . . .. If one just had the kineti term for C6
then indeed this would make sense and writing the oupled ation as
1
(2π)3
∫
M10
[−1
2
F7 ∧ ∗F7] + µ5
(2π)3
∫
W6
C6,
we would get the the equation of motion for C6 whih would be the Bianhi identity for F3-
namely,
dF3 = ±d ∗ F7 = −µ5δ4(M10 →W6). (19)
However the problem is that this dualization annot be arried out in the full IIB ation.
The C2 form annot be removed from the ation sine it ours expliitly (i.e. not just
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through its urvature) in the (loal) solution to the Bianhi identity for F˜5. Furthermore
both C4 and C2 our in the D5 brane ation for preisely the same reason - namely gauge
invariane. In fat a similar situation is enountered in trying to dualize the M-theory ation
to ouple M5 branes and for a detailed disussion of the problems that one enounters in
that ase see [6℄[9℄. The resolution is the same. We drop the higher form terms entirely from
the ation and simply impose the Bianhi identity. The dropped terms will then reappear
in the bulk ation as Dira string terms. Let us see how this works in detail.
The topologial terms in the ation for a D5 brane, in the form in whih an ouple to
the above bulk ation are,
I5 =
µ5
(2π)3
∫
W6
[−C4 ∧ F2 + 1
2!
C2 ∧ F22 ] (20)
Here µ5 = 2πq5 (q5 = ±1, 0 for D5, a D-bar 5 or no D5) and F2 = B2 + f2, as before exept
that now the eld f2 lives on the world volume W6. Note that we have omitted the
∫
C6
term sine this gauge eld is absent from the bulk ation. Instead [29℄ we require that the
Bianhi identity for C3 is hanged from (5) to
dF3 = 2λ
−1µ5δ4(M10 → W6) (21)
The oeient in front of the delta funtion in the above will be xed by gauge invariane.
Both the topologial term in the bulk ation as well as that in the ve brane ation are now
separately anomalous under the gauge transformation (13) whih leaves the bulk ation
(4) invariant in the absene of soures, i.e. with zero on the RHS of (21). In the eleven
dimensional form of the topologial term, the presene of the ve brane means that the
integrand of the topologial term (the seond line of (4) is ambiguous. We hoose to x this
ambiguity by imposing gauge invariane of the ombined system bulk plus brane.
Stop =
1
(2π)3
∫
M10
[
λ
2
C4 ∧ F3 ∧H3 + 1− λ
2
C4 ∧ F ′3 ∧H3] (22)
where F3 obeys the Bianhi identity (21) and dF
′
3 = 0 so that loally F
′
3 = dC2. In fat
we may write F3 = F
′
3 + θ3 where θ3 (the Dira string term) may be dened as the oexat
solution to (21). Given this the seond term is gauge invariant but beause of (21) the rst
gives
δS =
1
(2π)3
λ
2
∫
Λ˜3 ∧ dF3 ∧H3 = µ5
(2π)3
∫
W6
Λ˜3 ∧H3. (23)
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Let us now look at the gauge variation of the ve brane ation (20). First note that under
the B2 gauge variation δf2 = −dΛ1 so that F2 is gauge invariant. So we have
δI5 =
µ5
(2π)3
∫
W6
[−(dΛ˜3 −H3 ∧ Λ˜1) ∧ F2 + 1
2
dΛ˜1 ∧ F22 ]
= − µ5
(2π)3
∫
W6
Λ˜3 ∧H3 (24)
In the last line above we used the formula
dF2 = dB2 + dF2 = H3 (25)
where in the last equality we used the Bianhi identity for the gauge eld strength on the
ve-brane world volume. Thus the ombined ation S + I5 of bulk IIB SUGRA plus the six
brane is gauge invariant by the phenomenon of anomaly inow.
The oeient λ in (21) an now be xed by requiring the onsisteny of the Bianhi
identity for the ve form eld when the bulk is oupled to the ve brane ation (20). Again as
was the ase in the oupling of the D3 brane, the C4 equation of motion (and the self-duality
onstraint) gives the wrong answer by a fator of two. The orret result is
dF5 = H3 ∧ F3 + µ5F2δ4(M10 → W6) + . . . (26)
sine it must agree with (17) when the D5 brane ontains a dissolved D3 brane. In detail
this may be seen by omparing the two equations after integrating over the six manifold and
giving a unit magneti ux
∫
S2
f2 = −2π and using the relation µ3 = 2πµ5. Then onsisteny
with d2 = 0 (and the use of the formula dF2 = H3) gives λ = 2 in (21). So the Bianhi
identity is
dF3 = µ5δ4(M10 → W6) (27)
whih is the same as (19) if we hoose the negative sign in the rst equality.
Suppose that the nuleated D5 brane wraps the spatial diretions S2×SB3 where the rst
fator is in the non-ompat spae and the last is a three (B) yle in X. Integrating (27)
over R × SA3 where the fator R is a radial diretion going from inside the bubble (whose
wall is an S2) to the outside and S
A
3 is the yle dual to S
B
3 , we get
∫
R×SA
3
dF3 = ∆
∫
SA
3
F3 = ±(2π) (28)
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i.e. the RR ux (2) hanges by one unit M →M ± 1 as one goes from inside the bubble to
outside or vie-versa.
Now let us onsider the topologial terms for the D3 branes. These branes have boundaries
whih are attahed to the D5 brane. Now sine the world volume has boundaries we have
from (14,12,13)
δI3 =
µ3
(2π)3
∫
∂W4
(Λ˜3 − Λ˜1 ∧ F2). (29)
If the boundary of this D3 brane lies on the D5 brane there is eetively a monopole on the
D5 brane world volume wrapping an S3 yle in X so that df2 6= 0 on the D5 brane world
volume. Thus there is an unaneled piee in the gauge transformation of I5,
δ+I5 = − µ5
(2π)3
∫
W6
(Λ˜3 − Λ˜1 ∧ F2) ∧ df2. (30)
Now on the D5 brane we have
dF2 = H3 + df2
Integrating this over the S3 in X wrapped by the D5 brane and using the fat that F2 (unlike
f2) is globally dened we have∫
S3
df2 = −
∫
S3
H3 = 2πK, KεZ (31)
Thus the monopole equation is
df2 = 2π
∑
i
qiδ3(S3 → i) (32)
with ∑
i
qi ≡ N3 − N¯3 = K (33)
where N3(N¯3) are the number of D3 (D-bar3) branes ending on this D5 brane. Substituting
(32) into (30) and using µ5 = 2π, µ3 = (2π)
2
we see that the gauge variation of the D3
brane ation is anelled by anomaly inow from the D5 brane. Thus we have shown that
the total ation
ST = SIIB + I5 +
∑
i
I3i (34)
is gauge invariant.
The modied Bianhi identity (replaing (17) and (26) is
dF5 = H3 ∧ F3 + µ5F2 ∧ δ4(M10 → W6)−
∑
i
µi3δ6(M10 →W i4) + . . . (35)
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where again the ellipses denote the ontribution of orientifold planes (one may also have D3
branes that do not end on the D5 brane). The relative oeients of this Bianhi identity
in fat annot be altered. As seen above the relative oeients of the seond and the third
term depends on the T-duality relation µ3/µ5 = 2π, and the relative oeient and sign
between the rst and seond terms is determined by gauge invariane. This may be heked
[30℄ by using the formula d2 = 0 and (27) where the latter was xed by the anomaly inow
argument. The point is that one the ation is dened to be (34) gauge invariane (and
T-duality) xes the Bianhi identity, and it annot be modied on the grounds that the
equation of motion for C4 needs to be modied beause of self-duality. Integrating over the
internal manifold X (and assuming for simpliity that there is only the one pair of rossed
uxes and only the D (Dbar) 3-branes that end on the D5 brane) we nd (3). As observed
above as one goes from the outside to the inside of the bubble M → M + 1, so that (using
(33) we have the (dual of the) phenomenon disussed in [4℄ of branes being replaed by ux
and vie-versa.
Thus we might have had a representation in terms of an ation for the BT proess with
the self-duality imposed at the level of the equations of motion, if not for the fat that the
equation of motion for C4 in the oupled brane-bulk ation and the self duality ondition
lead to a result that is inonsistent with the orret Bianhi identity. As far as we are aware
there is no Lorentz invariant formalism that an x this problem.
B. Type IIA
Flux ompatiation in type IIA string theory has been disussed by [10℄[11℄[12℄. As in
the previous subsetion we will try to write down an ation that desribes proesses whih
desribe transitions between dierent ux vaua. Unlike the ase of IIB there is no reason
to expet a problem in this sine there is no self duality onstraint.
The bulk ation for the p-form elds is (again with 2πα′ = 1 and a frozen axio-dilaton)
S = −1
2
1
(2π)3
[
∫
M10
(F0 ∧ ∗F0 + F2 ∧ ∗F2 +H3 ∧ ∗H3 + F4 ∧ ∗F4)
+
∫
D11
F4 ∧ F4 ∧H3] (36)
As bets a topologial term the last one in the above expression is integrated over a
dis whose boundary is the 10 Dimensional manifold ∂D11 = M10. It is independent of the
11
partiular D11 beause the integrand is losed due to the Bianhi identities whih are
dH3 = 0, dF0 = 0, dF2 = F0H3, (37)
dF4 = F2 ∧H3. (38)
The Bianhi identities are solved (loally) by
F2 = dC1 + F0B2, F4 = dC3 −H3 ∧ C1 + F02 B2 ∧B2, (39)
F0 = m0 = const. (40)
The gauge invarianes of this system are as follows:
δB2 = dΛ1, δC1 = dΛ0 −m0Λ1, δC3 = dΛ2 −H3Λ0 −m0B2 ∧ Λ1. (41)
In the IIB ase the branes that an be eletrially oupled were D3 and D1 branes. In IIA
we an only ouple D2 and D0 branes. In order to ouple higher branes we need to use the
same trik as in the IIB ase. For the moment we will ignore eight branes and D-partiles,
set m0 = 0 and write down the eetive terms for D6, D4 and D2 branes. These are,
I6 =
µ6
(2π)3
∫
W7
[
F22
2!
∧ C3 − F
3
2
3!
∧ C1], (42)
I4 =
µ4
(2π)3
∫
W5
[−F2 ∧ C3 + F
2
2
2!
∧ C1], (43)
I2 =
µ2
(2π)3
∫
W3
∫
[C3 −F2 ∧ C1], (44)
with µ6 =
√
2πq, µ4 = (2π)
3/2q, µ2 = (2π)
5/2q, q = ±1, 0. As in the IIB ase there is an
anomaly in these ations that has to be anelled by inow from the bulk
δI6 = − µ6
(2π)3
∫
W7
Λ2 ∧ F2 ∧H3, δI4 = − µ4
(2π)3
∫
W5
Λ2 ∧H3. (45)
Again there is at rst sight an ambiguity in how the WZNW term an be split up, but as in
the IIB ase onsisteny of the Bianhi identities xes this. The ruial identity is the one for
F2 whih an be xed by T duality from the orresponding identity (27) whose validity was
established in turn by the onsisteny of the IIB equations with the self-duality onstraint
and anomaly inow. Thus we argue that
dF2 = µ6δ3(M10 →W7). (46)
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Note that as in the IIB ase this is preisely what we would have got if we just had a
bulk ation
∫
F8 ∧ ∗F8 oupled to
∫
W7
C7 but as in that ase it is not possible to have this
in the IIA ation given that we need also the lower rank forms.
At least for trivial uxes the topologial term in (36) an be rewritten as a ten dimensional
integral
−1
2
∫
M10
C3 ∧ F4 ∧H3
Then as in the IIB ase the ambiguity gets xed with λ = 2 (see disussion between (21)
and (26) ) so that the topologial term gets split up as
− 1
2
∫
C3 ∧ F4 ∧H3 → −
∫
C3 ∧ F4 ∧H3 + 1
2
∫
C3 ∧ F ′4 ∧H3, (47)
where dF ′4 = F2 ∧H3 and
dF4 = µ6F2δ3(M10 →W7) + µ4δ5(M10 →W5) + F2 ∧H3 (48)
It is onsisteny with d2 = 0 and (46) that enabled us to x λ = 2 as in the IIB ase. As
before the soure terms in (48) give an anomaly in the gauge transformation of (47) whih
anels the anomaly of the D6 and D4 brane ations (45).
Let us now turn on F0 ux. First let us disuss the orresponding proesses by onstrut-
ing a onsistent set of Bianhi identities. Then we will investigate whether there is a bulk
plus brane ation to desribe them.
From the foregoing disussion the Bianhi identities in the presene of six branes (for
simpliity we'll not introdue 4- or 2-branes) are hanged from (37)(38) to
dH3 = 0, dF2 = H3F0 +
∑
i
µi6δ3(M10 →W i7), (49)
dF4 = H3 ∧ F2 +
∑
i
µi6F2δ3(M10 →W i7). (50)
Note that we have now generalized to a set of six-branes. Suppose the six-branes wrap the
3+1 external dimensions and a three yle (α) in the Calabi-Yau manifold X . Integrating
the seond of (49) over the dual yle β we get (sine F2 is globally dened)
0 =
∫
β
dF2 = m0
∫
β
H3 +
∑
i
µ6 (51)
This relation was observed in [12℄. It tells us that if a net number of six branes wrapping a
three yle are present then we need to have non-zero F0 ux and also put H3 ux through
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the dual yle. Given the ux quantization
∫
β
H3 = 2πp, pǫZ (52)
we get
2πm0p =
√
2πN (53)
Note that this relation is only onsistent if m0 is quantized in units of 1/
√
2π a fat that an
be established independently by oupling eight branes as we shall see later. In the ontext
of type I' theory a similar result was observed in [13℄.
The interesting proesses are those whih hanges the ten-form ux m0. These would
hange the ten dimensional osmologial onstant and are aused by nuleated eight-branes.
A onsistent set of Bianhi identities in the presene of both eight and six branes is (hene-
forth the wedge produt symbol should be understood from the ontext)
dF0 = µ8δ1, (54)
dF2 = F0H3 + µ8F2δ1 + µ6δ3, (55)
dF4 = F2H3 + µ8
F22
2!
δ1 + µ6F2δ3 + µ4δ5. (56)
In the above δ1 = δ1(M10 → W9), δ3 = δ3(M10 → W7), δ5 = δ5(M10 → W5), where the Wi
are the world volumes of the 8-, 6-, and 4-branes. Also µ8 = q/
√
2π, q = ±1, 0.
The onsisteny of these Bianhi identities an be easily heked by operating with the
exterior derivative and using dF2 = H3. It should be noted that the existene of the eight-
brane, signaled by the non-zero RHS of (54) neessitates the eight-brane terms in the other
two Bianhi identities. In passing we note that the system annot aommodate a NS ve
brane sine an equation of the form
dH3 = µ5δ4(M10 →W6)
would be inompatible with (55)(56) as the above onsisteny hek depended on having
dH3 = 0.
Let us now onsider the onrete framework for moduli stabilization in [12℄. This has D6
branes O6 planes and F0, ∗F4 and H3 ux. First onsider the nuleation of an eight brane
wrapping a two sphere S2 in non-ompat spae and the whole Calabi-Yau X in this set
up. Integrating (54) over a line R going from inside to the outside of the S2 in the radial
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diretion,
∆F0 = m
out
0 −min0 = µ8 =
1√
2π
. (57)
This implies that m0 is quantized in units of 1/
√
2π in agreement with our earlier argument.
Integrating (55) over the the three yle β that is dual to that wrapped by the six brane we
get (after putting m0 = m/
√
2π, mεZ) equation (53) rewritten as
mp +N = 0 (58)
where as before N = ND6−NO6. In rossing the nuleated 8-brane domain wall m→ m±1,
so in order to maintain the above equation the number of D6 branes must hange,
N → N ∓ p. (59)
In attempts to reate standard-like models from type IIA the gauge group omes from a
stak of D6-branes. The above proess will result in hanging the gauge group.
While this disussion shows that one six or eight branes are nuleated various interesting
proesses (whih hange uxes and the number of branes) an take plae, the nuleation itself
is a quantum proess and at the very least one should expet that there be an ation that
is able to desribe this proess. In the IIB ase we argued that there is no onsistent ation
essentially beause of the self-duality problem even if we use the anomaly inow argument.
Above we showed that in IIA in the absene of F0 ux it is possible to get an ation for
six branes magnetially oupled to the bulk ation by using anomaly inow from the bulk
to the brane. However as we've disussed above ux stabilization of moduli in IIA requires
us to turn on F0 ux. Furthermore nuleation of eight branes will ause this ux to jump.
So it is imperative to have an ation that inorporates eight branes as well as six and four
branes in the presene of non-zero F0 ux. Below we will try to onstrut suh an ation.
The main problem is to write the topologial term in the bulk ation in suh a way that,
in the presene of soures, its anomalies will anel the anomaly of the magnetially oupled
higher dimensional branes, where the latter are written only in terms of the elds in the
bulk ation. The term in question is (see (36))
Stop = − 1
2(2π)3
∫
D11
H3F4F4.
As we mentioned earlier this term is well dened in the absene of magnetially oupled
branes. In the presene of suh soures however the integrand is not losed so we have to
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nd a way to dene this term properly. In order to do so we will rst reexpress this term
(in the absene of magneti ouplings) as a ten dimensional integral by writing
F4 = dC3 −H3C1 + F b0
B22
2!
+ F b4 , dF
b
4 = 0, F2 = dC1, H3 = dB2 +H
b
3 (60)
Here we have inluded a bakground ux term for the four form (and we've renamed the
bakground zero form ux F b0 ≡ mout0 ) and NS three form ux. The stabilization disussed
in [12℄ atually requires both four form and NS three form ux but if we have both there
will be extra (losed) terms whih are neessarily eleven dimensional but will not aet the
argument below. With the above we an write (after some algebra) the topologial term as
Stop = − 1
2(2π)3
∫
D11
H3F4F4 = − 1
(2π)3
∫
M10
[
1
2
C3H3(F4 + F
b
4 ) +
1
2
B2F
b
4F
b
4 (61)
− 1
2
C3H3F
b
0
B22
2!
− F4F b0
B32
3!
+ F2F
b
0
B42
4!
− 2(F b0 )2
B52
5!
+ . . .]
The ellipses indiate terms having a fator of Hb3 whih will not be hanged in the presene
of magneti ouplings to D-branes, so that we do not need their expliit expression for what
follows. The gauge invariant expression for the oupling of RR elds to a p- brane is [14℄
I =
µp
(2π)3
∫
Wp+1
{Ce−(f2+B2) + F0
∑
r
(−1)r
(r + 1)!
ω2r+1(f2, a)}. (62)
Here C is the formal sum of all the RR elds and ω is the Chern-Simons form for the
gauge eld a. We are of ourse ignoring the gravitational anomaly ontribution whih is
irrelevant to our disussion. In addition to the usual RR and NS transformations this ation
is invariant under the additional NSNS transformations that are present (see Appendix A)
when there is onstant zero form ux (dF0 = 0, F0 6= 0)
δC = −F0eB2Λ1. (63)
As before sine the bulk ation does not ontain the higher form elds we need to use the
anomaly inow mehanism to get a gauge invariant bulk plus brane ation. Let us see how
this works for the oupling of the D8 brane. Sine the other branes are ontained in this one
it is suient to demonstrate the mehanism for this ase. The rst step is to rewrite (as
with the other ases) the D8 ation by removing the terms whih are dependent on gauge
elds of rank higher than four sine these are not ontained in the bulk ation. The terms
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whih are removed are,
∆I8 =
µ8
(2π)3
∫
W9
[C9 − C7F2 + C5F2
2!
] (64)
Under RR and NSNS gauge transformations we have using (see Appendix A)
δC9 = dΛ8 −H3Λ6 − F b0
B4
4!
Λ1, etc. (65)
(and after some anellations) the anomaly that needs to ow in from the bulk,
δ∆I8 =
µ8
(2π)3
∫
[−H3Λ2F
2
2
2!
− F b0 (
B4
4!
− B
3
3!
F2 + B
2
2!
F22
2!
)Λ1]. (66)
Now the question is whether the bulk topologial term an provide this inow. As we
disussed before the topologial term (written as an 11-dimensional integral over a dis) is
well dened only if the integrand is losed. This is so beause H3 is losed and the RR eld
strengths are dH losed. In the presene of magneti soures (i.e. 4, 6 or 8-branes) however
the RR eld strengths are not dH losed. The question is whether the resulting ambiguity
an be resolved so that the anomaly of the trunated D-brane ation is anelled.
The unique way of doing this is to rewrite the topologial term (in its ten dimensional
form (61) as follows (ignoring terms involving Hb3):
Stop =
1
(2π)3
∫
M10
[−C3H3F4 + 1
2
C3H3F
′
4 −
1
2
B2F
b
4F
b
4 (67)
+
1
2
C3H3F
b
0
B22
2!
− F4F b0
B32
3!
+ F2F
b
0
B42
4!
+ (F b0 )
2B
5
2
5!
+ F b0F0
B52
5!
]
F b4 , F
b
0 , are taken to be the bakground values of these uxes at innity (i.e. outside the
nuleated D8-brane) and F ′4 is dened as F
′
4 = dC3 −H3C1 + F b0 B
2
2
2!
+ F b4 (see (60)). F4,F2
and F0 satisfy the Bianhi identities
dF0 = µ8δ1, dF2 − F0H3 = µ8F2δ1 (68)
dF4 − F2H3 = µ8F
2
2
2!
δ1 (69)
So as was the ase in IIB (see disussion after (22) we may write (dening θi, i = 0, 2, 5 ) to
be oexat solutions of the three Bianhi identities (68,69)
F0 = F
b
0 + θ0, F2 = dC1 + θ2, F4 = F
′
4 + θ4. (70)
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The gauge transformations are given in (41). The non-zero right hand sides of these equations
imply that there is an anomaly in the bulk topologial term (67) given by
δanomStop =
1
(2π)3
∫
M10
[−Λ2H3dF4 + dF4F b0
B22
2!
Λ1 − dF2F b0
B32
3!
Λ1 − dF0F b0
B42
4!
Λ1]|anom
=
µ8
(2π)3
∫
M10
[−H3Λ2F
2
2
2!
− F b0
F22
2!
B22
2!
Λ1 + F
b
0F2
B32
3!
Λ1 − F b0
B42
4!
Λ1]δ1. (71)
The delta funtion at the end just restrits the integral to the eight-brane world volume so
that this is exatly equal to (66). In other words the anomaly in the soure ation oming
from restriting the gauge elds to those that are present in the bulk lagrangian, is anelled
by anomaly inow from the bulk.
In spite of the anellation of anomalies that we have demonstrated above, the ation (in
partiular the topologial term (67)) is not written in a bakground independent way. It is
not lear that it is possible to do this in a Lorentz invariant fashion. This of ourse was the
problem in the IIB ase as well. However in the IIA ase we do have an ation with the
bulk oupled to the higher dimensional branes that an be used to ompute the quantum
utuations around a given bakground [31℄.
III. CONCLUSIONS
In this paper we have looked at the dynamis of transitions between dierent ux vaua
(for a given Calabi-Yau ompatiation). Our arguments imply that even though there
are lassial ongurations that an divide the universe into dierent regions, with dierent
numbers of branes and ux values, it is diult to nd a Lorentz invariant bakground
independent supergravity ation that inludes the bulk theory and the nuleated higher di-
mensional branes. This means that it is hard to see how to desribe the quantum mehanial
proess that auses transitions between suh regions. In other words it is not entirely lear
that there is no superseletion rule that forbids suh transitions so that eah point of the
landsape is simply a dierent setor isolated from the rest. If this is true there is no need
to assign reality to the whole landsape. In other words one might think that nding a
standard model with a nearly zero osmologial onstant et. is really nothing more than
just tting the data. Philosophially this would be no dierent from what partile physiists
were doing in the 70's and 80's i.e. GUT model building.
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On the other hand unlike in these eld theories, here there are lassial ongurations
where the universe is separated by domain walls into regions with dierent values of the fun-
damental onstants number of generations et. So it is oneivable that even though within
the low-energy approximation we have not been able to nd a quantum desription of this
brane nuleation proess, in that a bakground independent Lorentz invariant supergravity
ation does not seem to exist, the full string theory may still admit suh proesses. For
instane it is likely that, sine the brane ations that we have been using are really valid
eetive desriptions only at sales whih are long ompared to the string sale, and the
gauge invariane problems that we have highlighted our at the loations of the branes, a
proper string theoreti desription of the brane (for instane as a soliton in a string eld
theory) should automatially take are of this problem.
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Appendix A: The dual form of the IIA ation
In this appendix we will rst disuss a formal self-dual ation and then a dual form of the
IIA ation that might be suitable for oupling to the higher dimensional branes [16℄. Dene
(for type IIA) the formal sum of forms
A =
5∑
n=1
A2n−1, F =
5∑
n=0
F2n (72)
with a similar sum over even (odd) rank gauge elds (eld strengths) for type IIB. F
satises the Bianhi identity
19
dF = H3F
The usual form of the gauge elds (used in the text) is obtained by substituting A = e−B2C.
Also (loally) we solve the Bianhi identities by
F = (dA+ F0)e
B = dC−H3C+ F0eB2 . (73)
The ation is
(2π)3S = −1
2
∫
M10
(|F|2 + |H3|2) (74)
The RR gauge transformations are δA = dΛ˜, (Λ˜ =
∑4
n=0 Λ˜2n) and the NSNS gauge
transformations are
δB2 = dΛ1, δA = −F0Λ1 − dΛ1A
The orresponding gauge transformations for C are (with Λ = eB2Λ˜)
δRRC = dΛ−H3Λ (75)
δNSC = −F0eB2Λ1 (76)
One may ouple the branes to this as in (62). This is of ourse gauge invariant (provided
dF0 = 0). However this bulk plus brane ation has too many degrees of freedom sine it has
both eletri and magneti terms whih are dual to eah other. To ut them down we need
to impose the self duality ondition
F = (−1)n ∗ F
at the level of the equations of motion. Note that we annot put this in the ation even for
type IIA sine if we did so there would be no dynamis for the gauge eld A (see (73) - in
IIB of ourse this term would vanish beause the wedge produt of an odd form with itself
vanishes). As observed by the authors of [16℄ this is not a proper ation for the quantum
theory sine the latter must propagate only the physial degrees of freedom.
A suggestion for suh an ation in [16℄ is,
(2π)3SIIA = −1
2
∫
M10
{(|H3|2 + |F0|2 + |F2|2 + |F4|2)− F4F4B2
+ F4F2B
2
2 −
1
3
F 22B
2
2 −
1
3
F0F4B
3
2 +
1
4
F0F2B
4
2 −
1
20
F 20B
5
2
− 2F0dA9 + 2(F2 −B2F0)dA7 − 2(F4 −B2F2 + 1
2
B22F0)dA5} (77)
20
Here the eld strength H3 = dB2, but the RR eld strengths are taken to be independent
blak box elds. The Lagrange multiplier elds Ai are designed to enfore the Bianhi
identities for these RR elds but they are also the elds whih are supposed to be soured
by the higher dimensional branes. Under RR gauge transformations Fi are invariant and
δA9 = dΛ8, δA7 = dΛ6, δA5 = dΛ4.
The NSNS gauge transformations (and supersymmetry transformations) are realized only
on the formal sum of all the form elds.
This is however not a suitable ation for our purposes. For instane If we ouple an
eight-brane the WZNW part of the ation will be
I8 = µ8
∫
W9
(e−f2A− f
4
4!
aF0) = µ8
∫
W9
(A9 −A7f2 + A5 f
2
2
2!
− A3f
3
2
3!
+ . . .) (78)
where as before f2 = da is the world volume gauge eld strength whih transforms as
δf2 = −dΛ1, under NSNS gauge transformations. Note that this eld annot be set to
zero in string theory. The important point here is that gauge invariane neessitates the
presene of all the lower dimensional branes. The bulk ation however is independent of the
orresponding elds A3 and A1 and so variation with respet to these will only be onsistent
with the absene of eight branes. The same is the ase for six-branes and four-branes. Thus
this form of the ation is not really suitable for oupling higher dimensional branes.
Appendix B: A bakground independent ation for IIA
In this appendix we disuss the work of Belov and Moore [15℄ - though in a mathematially
unsophistiated fashion. Dene (for type IIA) the formal sum of forms as in the previous
appendix:
C =
5∑
i=1
C2n−1, F =
5∑
i=0
F2n (79)
Write the bulk ation for the RR gauge elds as (again setting the dilaton to zero) [17, 18℄,
[15℄
(2π)3S = −1
2
∫
M10
(F0 ∗ F0 + F2 ∗ F2 + F4 ∗ F4) (80)
−1
2
∫
M10
(F0F10 − F2F8 + F4F6). (81)
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Here all produts are wedge produts and the eld strengths are required to obey the
Bianhi identities
dF−H3F ≡ dHF = 0. (82)
Loally, in the absene of soures, we have the solution (73).
As it stands the above ation is not well dened without hoosing a Lagrangian subspae
of the spae of gauge elds whih tells us how F6, F8, F10 are related to F0, F2, F4. However
in the absene of soures it is ompletely equivalent to the standard form of the ation (36).
This is beause the topologial term in the ation (with M10 = ∂D11) an be written as
(2π)3Stop = −1
2
∫
D11
d(F0F10 − F2F8 + F4F6)
= −1
2
∫
D11
(F0H3F8 −H3F0F8 − F2H3F6 +H3F2F6 + F4H3F4)
= −1
2
∫
D11
H3F4F4. (83)
Here to get the seond line we used the Bianhi identities. This is the usual form of the
topologial term. In the presene of soures the last expression is not well dened by itself
sine the integrand is not losed. The starting point (81) is well-dened provided a hoie
of a Lagrangian submanifold is made. Now Belov and Moore introdue a trivialization of
the D-brane urrent. Let us pursue an alternate strategy whih illustrates the problems of
trying to retain the usual formulation of the ation. Doing the above alulation, using now
the Bianhi identities with soures
dHF = j, (84)
where
j =
5∑
r=1
j2r−1,
we get the following additional terms in the last two lines of (83) :
− 1
2
∫
D11
(F10j1 − F8j3 + F6j5 + F4j7 − F2j9). (85)
Note that sine d2H = 0 the soures must satisfy dHj = 0. Expliitly we have the following
expressions for these soures
j1 = µ8δ1, j3 = µ8F2δ1 − µ6δ3, j5 = µ8F
2
2
2!
δ1 − µ6F2δ3 + µ4δ5
j7 = µ8
F32
3!
δ1 − µ6F
2
2
2!
δ3 + µ4F2δ5 − µ2δ7
j9 = µ8
F42
4!
δ1 − µ6F
3
2
3!
δ3 + µ4
F22
2!
δ5 − µ2F2δ7 + µ0δ9 (86)
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where µp = (2π)
7−p
2
, and F2 = B2 + f2, with f2 = da1 where a1 is the world volume gauge
eld of D-branes whih transforms as δf2 = −dΛ1, under NSNS gauge transformations. Also
δ2r−1 is a delta funtion 2r − 1 form whih has support on the 11 − 2r dimensional world
volume of a 10− 2r dimensional D-brane. The soure ation may then be written as
(2π)3I =
4∑
r=0
µ2r
∫
W2r+1
(Ce−F2 − F0 (−f)
r
r + 1!
a) =
∫
M10
(Cj¯ − F0
4∑
r=0
(−f)r
(r + 1)!
aδ|9−2r) (87)
where δ =
∑4
r=0 µ8−2rδ2r+1 and j¯ =
∑
r=0(−1)rj2r+1. From the fat that loally on the
brane we have (73) and that j¯ satises the identity
d¯j¯ ≡ dj¯ +H3j¯ = 0 (88)
we get d(Cj¯) = F j¯ − Cd¯j¯ − F0eB j¯ = F j¯ − F0eB j¯. Using also the expliit form of j¯ (with
the dening formal sum extended to 11 dimensions (r = 5) with j11 = (e
−F2δ)11 ) we get
I =
∫
D11
Fj¯ (89)
Now if we add these soure terms with half strength to the bulk ation we have from (85)
(2π)3(SWZ +
1
2
I) = −1
2
∫
D11
H3F4F4 −
∫
D11
(F4j7 − F2j9 − F0j11) (90)
Thus the higher form elds have disappeared sine the soure terms are trunated (as in the
anomaly inow argument). The sum is of ourse manifestly gauge invariant and well dened
(one a Lagrangian subspae has been hosen [15℄) sine we started from a ten-dimensional
ation whih just depended on the urvatures, to whih the loal gauge invariant ation (87)
was added. However some omments are in order. Firstly the soure terms annot now be
written as world sheet integrals anymore unless the oupling of the higher branes (D4, D6
and D8) is turned o. Thus if µ8 = µ4 = µ2 = 0 we have for the seond term in (90)
∫
D11
[µ2(F4 − F2F2 + F0F
2
2
2!
)δ7 + µ0(F2 − F2F0)δ9]
=
∫
M10
[µ2(C3 −F2C1 + F0f2a1
2!
)δ7 + µ0(C1 − F0a)δ9]
=
∫
W3
(C3 −F2C1 + F0f2a
2!
) +
∫
W1
(C1 − F0a)
But there is no orresponding world volume integral representation of the higher dimen-
sional branes. This appears to be the prie that has to be paid to have an ation whih is
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independent of the base point in ontrast to our previous disussion whih had Dira string
singularities. In other words one an as in the text introdue partiular solutions of dHF = J
(trivializations of J) to rewrite the topologial terms as integrals over the ten manifoldM10.
This is what is done in [15℄ - though in a very elegant geometrial fashion. They have also
argued that the ation is in some sense independent of this trivialization.
It should be remarked that although the topologial terms for the branes have been added
with half strength (90) the DBI term must be added with full strength. It is only then that
the usual (kappa invariant BPS) form of the brane ation is obtained when oupled to the
usual form of the bulk ation with lower dimensional branes. In other words the bulk ation
(80)(81) needs to be oupled to a brane ation whih is not manifestly BPS in that the
harge is apparently half the tension. This is a reetion of the fat that some of the brane
topologial terms are hidden in the bulk topologial term.
The above disussion shows that it is not possible to write the standard form of the
bakground independent bulk ation with a oupling to higher dimensional branes unless the
latter are written in a non-loal form. As shown above for the lower dimensional eletrially
oupled branes it is possible to rewrite them in the loal form, but not for the magnetially
oupled branes. Of ourse the bulk ation in the form (80)(81) oupled to the loal ation
(87) is indeed in a bakground independent form, but it is not properly dened unless a
Lagrangian submanifold is hosen [15℄. It is not lear that this an be done in a Lorentz
invariant and bakground independent fashion.
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